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Visuo-motor adaptation suffers at older working age. The age-related decline of behavioral
adjustments is accompanied by reduced explicit knowledge of the visuo-motor transforma-
tion. It disappears when explicit knowledge is kept constant across the age range, except
for particularly high levels of explicit knowledge. According to these ﬁndings, at older adult
age both the acquisition of explicit knowledge and its application for strategic corrections
become poorer. Recently it has been posited that visuo-motor adaptation can involve
model-free reinforcementmechanisms of learning in addition tomodel-basedmechanisms.
We testedwhether age-related declines of reinforcement learning can also contribute to the
age-related changes of visuo-motor adaptation.Therefore we enhanced the contribution of
reinforcement learning to visuo-motor adaptation by way of introducing salient markers
of success and failure during practice. With such modiﬁed practice conditions, there
were residual age-related variations of behavioral adjustments at all levels of explicit
knowledge, even when explicit knowledge was absent. The residual age-related variations
were observed for practiced target directions only, but not for new target directions.
These ﬁndings are consistent with an age-related decline of model-free reinforcement
learning as a third factor in the age-related decline of visuo-motor adaptation. Under
practice conditions, which spur model-free reward-based learning, this factor adds to the
decrements of the acquisition of explicit knowledge and its use for strategic corrections.
Keywords: visuo-motor rotation, reinforcement learning, model-based learning, explicit knowledge, after-effect
INTRODUCTION
Since the seminal study of Cunningham (1989), adaptation to
visuo-motor rotations has become a popular paradigm for the
study of the plasticity of the human brain. Typically, participants
perform aimed movements to control the position of a cursor on a
computer monitor. The direction of cursor motion is rotated rela-
tive to the direction of hand movement. In the course of practice,
participants gradually reduce reaching errors and return perfor-
mance to pre-perturbation (without visuo-motor rotation) levels.
With this and other types of visuo-motor transformations, age-
related variations of adaptation have been shown (e.g., McNay
and Willingham, 1998; Buch et al., 2003; Bock, 2005; Bock and
Girgenrath, 2006; Heuer and Hegele, 2008, 2009; Hegele and
Heuer, 2010a). However, adaptation to a visuo-motor transfor-
mation is not a unitary process, but embraces different processes
which comprise distinct components that contribute to the total
outcome (e.g., Saijo and Gomi, 2010). In the present study
we test the sensitivity of certain components of adaptation to
aging.
An important distinction is the one between implicit and
explicit components of visuo-motor adaptation (Mazzoni and
Krakauer, 2006; Sülzenbrück and Heuer, 2009; Hegele and Heuer,
2010a,b,c; Taylor et al., 2010, 2014; Heuer et al., 2011; Taylor
and Ivry, 2011). Implicit components of adaptation are not
subject to conscious awareness. Explicit components, in con-
trast, are intentional movement corrections that are based on
explicit knowledge of the transformation. With respect to mea-
suring implicit and explicit components, implicit components are
generally assessed by after-effects in the absence of the transforma-
tion. Explicit knowledge can be assessed by means of perceptual
judgements onmovementparameterswhich are thought tobe ade-
quate for correct movements in the presence of the visuo-motor
transformation.
Explicit and implicit components of adaptation to visuo-motor
rotations differ in a variety of ways. For example, explicit com-
ponents generalize across all target directions in the workspace,
whereas implicit components are restricted to the practiced direc-
tion and a limited range around it (Heuer and Hegele, 2008).
Most important for the present purpose, explicit components
are reduced across the adult age range, whereas implicit compo-
nents remain stable. These age-related changes have been shown
in a number of independent studies and with different experi-
mental protocols (e.g., McNay and Willingham, 1998; Buch et al.,
2003; Bock, 2005; Bock and Girgenrath, 2006; Heuer and Hegele,
2008; Hegele and Heuer, 2010a,b), including the demonstration of
absent age-related changes with small rotations (e.g., Heuer and
Hegele, 2008, Exp. 2) or their slow introduction analogous to“pris-
matic shaping” (Dewar, 1971) which does not give rise to explicit
knowledge (e.g., Buch et al., 2003; Cressman et al., 2010). The age-
related changes in the explicit component have been hypothesized
to be related to structural changes in particular of the frontal lobes
(e.g., Heuer and Hegele, 2008) and to functional changes such as
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increased neural noise and neural de-differentiation (e.g., Rand
et al., 2013). Such changes should result in a reduced sensitivity
for the difference between the directions of hand movements and
cursor motions, which has been reported by Rand et al. (2013).
Therefore older adults should perceive this difference as smaller
than young adults or even not at all.
However, age-related variations of explicit knowledge are only
partly responsible for the age-related differences in overall adap-
tation. Residual age-related variations at same levels of explicit
knowledge indicate the effects of additional factors. For example,
Hegele and Heuer (2013) observed stronger behavioral adjust-
ments in young than in older adults with high explicit knowledge,
whereas no such difference was seen between young and older
adults with poor explicit knowledge. This ﬁnding suggests that
not only the acquisition of explicit knowledge suffers at older
age, but also its use for behavioral adjustments. However, age-
related variations of behavioral adjustments across all levels of
explicit knowledge, and thus also in its absence, have not yet
been found. Here we test whether a certain modiﬁcation of
the practice conditions gives rise to such differences between
young and older adults. This test was motivated by the follow-
ing considerations (1) on a role of reinforcement learning in
visuo-motor adaptation and (2) on age-related declines of the
dopaminergic neurotransmitter system that plays an essential role
in reinforcement learning.
Implicit processes of visuo-motor adaptation have generally
been conceptualized in terms of the acquisition of an internal
model (cf. Shadmehr et al., 2010). In addition to suchmodel-based
learning,model-free reinforcement learninghas recently beenpro-
posed also to contribute to visuo-motor adaptation (e.g., Huang
et al., 2011; cf. Haith and Krakauer, 2013, for review). While both,
model-free and model-based learning, are driven by prediction
errors, those errors differ in terms of the informational content.
Model-based learning is driven by sensory prediction errors that
reﬂect the violation of expectations regarding affectively neutral
sensory signals. In case of visuo-motor adaptation, its product is
an internal representation of the transformation. Model-free rein-
forcement learning, in contrast, is driven by reward-prediction
errors, which reﬂect the difference between an expected and the
actual reward. Its product is an associationbetween sensory stimuli
and a particular movement (or set of movements) that maximizes
future rewards (Sutton and Barto, 1998). In visuo-motor adap-
tation, motor adjustments based on model-free reinforcement
learning should take the input-output relations of the transforma-
tion into account and thus imply learning of the transformation.
Such learning, however, should be limited to the practiced type of
movements and should not lead to the development of an inter-
nal model which could be applied to new types of movements
(cf. Heuer, 1983, pp. 83–84; Bock, 2005; Bock and Girgenrath,
2006).
The different implicit-learning mechanisms involve different
neural substrates (e.g., Doya, 2000). The sensory prediction error
used to acquire a model of the novel visuo-motor transforma-
tion has been shown to correlate with characteristic changes in
the BOLD signal in the intraparietal sulcus and the lateral pre-
frontal cortex (Gläscher et al., 2010). In addition, the cerebellum
has been shown to be critically involved in the acquisition of
(implicit) internal models of novel visuo-motor transformations
(Taylor et al., 2010; Imamizu and Kawato, 2012; Schlerf et al.,
2012). Reward prediction errors used by model-free learning, in
contrast, are correlated predominantly with activity of subcorti-
cal structures such as that of the midbrain dopaminergic system
(Schultz et al., 1997; Schultz, 1998, 2007; Bayer and Glimcher,
2005). The dopaminergic system is among those neurotransmitter
systems which are known for age-related declines and associated
behavioral changes (Volkow et al., 1998), among them changes
in reward-based learning (Marschner et al., 2005; Dreher et al.,
2008). Thus, to the extent that model-free reinforcement learning
contributes to adaptation to a novel visuo-motor transformation,
age-related changes beyond those related to explicit knowledge
would be expected.
In previous studies of age-related variations of visuo-motor
adaptation, practicewas typically with rapid uncorrected out-and-
back movements with rotated visual feedback (e.g., Bock, 2005) or
accurate movements under closed-loop control that reached their
targets without severe time constraints (e.g., Heuer and Hegele,
2008). With tasks such as these there are no clear categorical indi-
cators of success or failure. With rapid uncorrected out-and-back
movements there are graded deviations of the reversal positions
from the targets, and with accurate movements under closed-
loop control there are graded deviations from straight paths and
graded variations of movement durations before the targets are
reached. Without categorical indicators of success and failure in
such tasks, reward-based reinforcement learning should be of only
little importance, if at all. In the present studywe introduced a clear
categorical marker of success or failure during practice, namely a
hit or miss in a virtual putting task. Such a marker should serve
to enhance the contribution of reward-based learning (cf. Izawa
and Shadmehr, 2011). If the modiﬁed practice conditions indeed
facilitatedmodel-free reinforcement learningbasedon rewardpre-
diction errors, they should result in an age-related decline of
visuo-motor adaptation at all levels of explicit knowledge, even
in its absence.
MATERIALS AND METHODS
PARTICIPANTS
Two groups of young and older participants served in the exper-
iment. All participants had given written informed consent, had
normal color vision according to the Ishihara test, and were self-
declared right-handers. The younger participants, 9 male and 10
female, were 18–31 years old (mean: 23.5 years, SD: 3.2 years).
The older participants, 8 male and 10 female, were 47–67 years
old (mean: 57.2 years, SD: 5.6 years). The data of three additional
older participants were not included in the analyses because under
at least one of the conditions tested they produced quite irregular
movements (e.g., systematic movements in the direction opposite
to target direction or spiral movement paths). The experiment
was done in accordance with the ethical standards laid down in
the Declaration of Helsinki.
The two groups of participants were compared on the Digit
Symbol Test of the German version of the Wechsler Adult Intelli-
gence Scale (Tewes, 1991) and on a Vocabulary test, the MWT-B
(Lehrl, 2005). Performance in these tests depends in characteristic
ways on age. Deviations from these characteristic differences can
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serve as indicators of cognitive differences between the two age
groups that are not related to age. The Digit Symbol Test assesses
perceptuo-motor processing speed. For this test an age-related
decline of performance is typical, which was also found for the two
age groups of this experiment. The means of the young and older
participants were 67.7 and 48.9, respectively, t(35) = 5.0, p< 0.01.
TheVocabulary test is a test of culturallymediated knowledge. Per-
formance in this type of test is typically robust across the lifespan,
sometimes even better in older than in young adults. The mean
scores of the current groups of young and older participants were
27.3 and 32.0, respectively, t(35) = 3.7, p < 0.01.
APPARATUS
Participants sat on a chair and faced a 19′′ LCD monitor (Iiyama
ProLite E1902S) which was placed on a table at a distance of about
100 cm from their eyes. Their right index ﬁnger was strapped
to a sled of 50 mm x 30 mm (height: 6 mm) which carried a
vertically oriented sensor of a miniBIRD 800 system (Ascension
Technology, Burlington,VT) directly above the participant’s ﬁnger
nail. The sled slid with only little friction on the table surface.
The position of the ﬁngertip was recorded at 103.3 Hz (spatial
resolution: 0.11 mm). An opaque cover 20 cm above the table
surface prevented direct vision of the hand. Custommade software
for the control of the experiment was written in MATLAB using
the Psychtoolbox (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007).
TASKS
Participants practiced aimed movements in the context of a virtual
putting task. Tests involved aimed movements without and with
visual feedback (movement tests) as well as explicit judgements of
presumably correct movement directions. All movements shared
a visually presented start position in the center of the monitor,
which was associated with a start position of the index ﬁnger on
the table about 30-40 cm in front of the participant and about
15 cm to the right of the participant’s median plane. The color
of the circle, which marked the start position on the monitor,
served to cue the presence or absence of a visuo-motor rotation
of 75◦ clockwise (−75◦). A green color of the start circle cued
the absence of the rotation, a red color its presence. Participants
were instructed that hand and cursor moved in the same direc-
tion when the start circle was green, and that the direction of
the cursor was rotated relative to the direction of the hand when
the start circle was red, but nothing was said about either the
polarity (clockwise or counterclockwise) or the magnitude of the
rotation.
In the virtual putting task that was performed during practice,
a “ball”was presented on the monitor at a distance of 30 mm from
the start location and a “hole” at a distance of 120 mm. The ball
and the hole were located along the same radial line emanating
from the start location. Their directions could be 0◦ (to the right),
45◦, 90◦ (forward on the table, upward on the monitor), 135◦ or
180◦. The participants had to hit the ball with the cursor such that
it reached the hole. The movement of the cursor from the start
position to the ball had to be smooth and without interruption.
When the ball was hit, the cursor disappeared from the monitor,
and the ball moved in a direction determined by the location of
impact at an initial velocity determined by the velocity of the
cursor orthogonal to the surface of the ball. When the damped
motion of the ball was long enough so that it reached the hole, a
tone sounded and the trial was ended. When the ball did not reach
the hole, its ﬁnal position was shown for 0.2 s before the trial was
ended. When the cursor missed the ball, the trial ended as soon as
cursor velocity approached zero.
In the movement tests, targets were presented at distances of
30 or 120 mm from the start location at directions of 0◦, 45◦, 90◦,
135◦, 180◦, 225◦, 270◦, or 315◦. The ﬁrst ﬁve of these directions
were also used during practice, but the last three were not. The
target amplitudes corresponded to the distances of the ball and
the hole from the start position in the practice task. Movements
were performed without and with visual feedback of the cursor
position in different tests.
In each trial of the explicit-judgment test, the start location and
a target at a distance of 120 mm were presented. All eight target
directions were used. A line was presented with its one end ﬁxed in
the start location. Initially it pointed into a randomly chosen direc-
tion. The participant instructed the experimenter to rotate the line
clockwise or counter-clockwise until it pointed in a direction that
corresponded to the direction of hand movement appropriate for
a cursor on the monitor to reach the target position. The start
circle was either red or green to cue the presence or absence of the
visuo-motor rotation.
DESIGN AND PROCEDURE
An overview of the various phases of the experiment is given in
Table 1. The experiment started with a block of 40 familiariza-
tion trials with the putting task in the absence of the visuo-motor
rotation (green start circle). Thereafter pre-tests, practice, and
post-tests followed.
Pre-testswerewithout visuo-motor rotation; the start circlewas
green in all trials. There were two visual open-loop tests with short
(30 mm) and long (120 mm) target amplitudes. In the open-loop
tests, the cursor became invisible after the start of each movement
and did not re-appear until the start position was approached
again for the next trial. In addition, there was an explicit test. Each
of the two movement tests consisted of 3 blocks of 8 trials each,
one trial for each of the eight target directions. Each of these three
test blocks was preceded by a maintenance block of ﬁve trials with
the putting task, in which each of the ﬁve target directions was
presented once. The explicit test consisted of only two rather than
three maintenance-test cycles.
Practice consisted of eight blocks of 40 trials each. There was
a pause of at least 2 min after the seventh block to allow recov-
ery from eventual fatigue before the last block of practice and
the subsequent tests. In each trial the putting task was performed
with a visuo-motor rotation of −75◦ (clockwise). The presence
of the rotation was cued by the red color of the start circle. In
the 40 trials of each block eight random permutations of the
ﬁve target directions were presented (without repetitions of target
directions).
Post-tests consisted of visual open-loop tests with the presence
of the visuo-motor rotation cued, both with short and long target
amplitudes, and with the absence of the rotation cued, again both
with short and long target amplitudes. The open-loop tests were
followed by an explicit test in which the presence of the rotation
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Table 1 | Overview of experimental phases.
Phase Type of block Task Visual feedback Visuo-motor
rotation
Number of trials Number of
repetitions
1 Familiarization Putting Yes No 40 1
2 Pre-tests Maintenance
Open-loop test
Putting
Aiming 30 mm
Yes
No
No
No
5
8
3
Maintenance
Open-loop test
Putting
Aiming 120 mm
Yes
No
No
No
5
8
3
Maintenance
Explicit test
Putting
Judgment
Yes
–
No
No
5
8
2
3 Practice Putting Yes Yes 40 8
4 Post-tests Maintenance
Open-loop test
Putting
Aiming 30 mm
Yes
No
Yes
Yes
5
8
3
Maintenance
Open-loop test
Putting
Aiming 120 mm
Yes
No
Yes
Yes
5
8
3
Maintenance
Open-loop test
Putting
Aiming 30 mm
Yes
No
Yes
No
5
8
3
Maintenance
Open-loop test
Putting
Aiming 120 mm
Yes
No
Yes
No
5
8
3
Maintenance
Explicit test
Putting
Judgment
Yes
–
Yes
Yes
5
8
2
Cosed-loop test Aiming 120 mm Yes Yes 40 1
was cued. Open-loop tests consisted of three maintenance-test
cycles as the pre-tests, and the explicit test of two such cycles. Main-
tenance trials were identical to practice trials. Finally there was a
block of 40 visual closed-loop trials in which aimed movements to
the long-amplitude targets were performed with the visuo-motor
rotation being in effect. Each of the eight target directions was
presented ﬁve times in this block. We added this ﬁnal test in which
visual feedback was continuously presented during each move-
ment to determine whether the age-related variations, as assessed
in the absence of visual feedback, are also relevant for performance
when closed-loop control is possible. Closed-loop control seems
to be more typical than open-loop control for tasks of everyday
life in which visuo-motor transformations are present, e.g., in
using a rake, a shovel or some other conventional tool. In addi-
tion, modern technologies create novel and challenging tool-use
tasks in ﬁelds such as laparoscopic surgery and micro manipu-
lation which are generally performed under visual closed-loop
conditions.
All movement trials began with the presentation of a red or
green outline circle of 9.6 mm diameter which marked the cursor
start position on the monitor and cued the presence or absence
of the visuo-motor rotation in the forthcoming trial. Arrows were
presented at the left, right, lower or upper edge of the monitor, one
or two arrows at the same time, which pointed to the center and
thereby guided the participants to the start location. At a distance
of less than 10 mm from the center of the start circle, the cursor
became visible to assist in reaching the start position accurately.
There was no visuo-motor rotation during this homing-in. The
cursor was a cyan ﬁlled circle of 6 mm diameter. When the cursor
was within a tolerance of 2 mm around the start position for 0.5 s,
the start circle was ﬁlled, and after a waiting time of 1.4 s a target
was presented.
For the practice task, the ball and the hole were presented at
distances of 30 and 120 mm, respectively, from the start position.
The ball was a white ﬁlled circle of 12 mm diameter, the hole a
gray ﬁlled circle of 30 mm diameter. When the cursor missed the
ball, the trial was ﬁnished as soon as the distance between two
successive samples of the hand position was less than 0.16 mm.
The trial was also ﬁnished when this criterion was satisﬁed while
the cursorwas on theway to the ball. Thismeasure served to ensure
smooth movements and to prevent a strategy of moving the cursor
quite close to the ball and then “kicking” it. This criterion for the
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end of the trial also prevented movement corrections once the ball
had been missed.
When the cursor contacted the ball, that is, when the distance
between the centers of the cursor and the ball was less than the sum
of their radii, the ball was set into motion, and the cursor disap-
peared from themonitor. The direction of motionwas determined
by the location of impact. More precisely, it was in the direction
of the vector from the center of the cursor to the center of the
ball. The initial velocity of the ball was 0.5 times the velocity of the
cursor in that direction. To simulate friction of the ball, velocity
in time step n + 1 was computed as vn+1 = 0.99vn. When the ball
reached the hole, which required a correct location of impact and
a cursor velocity at impact above 20 mm/s, a brief tone sounded
and the trial was ended. When the ball missed the hole, it stopped
when the distance between successive samples of the ball position
became less than 0.16 mm or when it reached the edge of the
monitor; 0.2 s later the trial was ended.
In aimed-movement trials, a white or gray ﬁlled circle of 7 mm
diameter was presented as the target. The circle was white when
the target amplitude was 30 mm, and it was gray when the target
amplitude was 120 mm, corresponding to the colors of the ball
and the hole in the practice task. For movements without visual
feedback, the cursor disappeared when the target was presented.
The trial ended when the distance between successive samples of
the hand position was less than 0.16 mm for 500 ms, provided
the cursor had left the tolerance around the start position. For
movements with visual feedback the cursor remained visible, and
the trial ended when the cursor was on the target for 0.5 s, with
the tolerance around the target being the sum of the radii of target
and cursor.
For explicit-judgment trials, a red or green start circle was pre-
sented together with a target in 120 mm distance from the start
position and a line of 4 pixels width. The one end of the line was
ﬁxed in the start position. The length of the line corresponded
to the start-target distance. Its orientation was changed by the
experimenter according to the verbal instructions given by the
participant. The participant continued to give verbal instructions
until he or she judged the direction, indicated by the line, as corre-
sponding to the direction of the hand movement appropriate for
the (invisible) cursor on the monitor to reach the target.
DATA ANALYSIS
Data were analyzed by means of custom made MATLAB pro-
grams. The time series of ﬁnger positions were low-pass ﬁltered
(fourth-order Butterworth, 10 Hz, dual pass) and differentiated
(two-point central difference algorithm). The velocity signals were
again low-pass ﬁltered. Beginning and end of eachmovementwere
determined from tangential velocity of the hand. Beginning at
peak velocity, in a backward and a forward search those samples
were deﬁned as start and end, respectively, at which tangential
velocity became smaller than 5 mm/s and remained so for the next
250 ms. In practice trials the velocity criterion for the end of the
movements was applied to misses only; for hits the movements
ended at the moment of contact with the ball.
In total there were 654 movement trials for each participant.
The initial 40 familiarization trials and the 110 maintenance trials
were neglected. The remaining 504 trials were screened for the
following irregularities: movement time was shorter than 150 ms
(putting task) or 200 ms (aimed movements); movement time was
longer than 5000 ms; path length was longer than 5 times the dis-
tance from initial to ﬁnal position; initial position deviated more
than 12 mm from the start location (this could happen when the
main movement was preceded by a short initial movement); for
aimed movements with visual feedback the amplitude error was
larger than 10 mm or the direction error larger than 10◦. In total
95.7% of all trials were included in the analyses for the young
participants and 96.3% for the older participants. For all partic-
ipants the proportion of discarded trials was less than 10% with
the exception of two participants with 10 and 14%, respectively.
Both for the putting task and the aimed-movement task a num-
ber of variables were computed for the individual movements.
For the putting task, these were hit versus miss, initial direction
error, and movement time. (Hit versus miss refers to the cursor
hitting the ball, as this turned out to be quite difﬁcult with the
visuo-motor rotation being in effect.) For the aimed-movement
task, the dichotomous measure of hit versus miss was replaced
by the ﬁnal direction error. Final direction was measured as the
direction of the vector from the initial to the ﬁnal position of the
movement, initial direction as the direction of the vector from the
initial position of the movement to the position 200 ms later. The
respective direction errors were the deviations of ﬁnal and initial
movement direction from the direction of the target. Counter-
clockwise direction errors were positive, clockwise errors were
negative. For each block of practice and each type of test, means
of the dependent variables were computed across trials with the
same target direction (for hit versus miss the proportion of hits
was computed, and mean movement times in practice trials were
computed separately for hits and misses). For each practice block
these means were averaged, and for each test separate means were
computed for the ﬁve practiced target directions and the three new
target directions that were not used during practice.
From the ﬁnal direction errors of the visual open-loop move-
ments adaptive shifts and after-effects were computed. Adaptive
shifts are the differences between the directions of hand move-
ments in the post-tests in which the presence of the visuo-motor
rotation is cued and in the pre-tests. Adaptive shifts of zero indi-
cate no adaptation at all, whereas adaptive shifts of 75◦ indicate full
adaptation which compensates the visuo-motor rotation of −75◦.
After-effects are the differences between the directions of hand
movements in the post-tests, in which the absence of the visuo-
motor rotation is cued, and in the pre-tests. They can be conceived
as residual adaptive shifts that remain in spite of the knowledge that
the visuo-motor rotation is not present. After-effects are thought
to reﬂect primarily implicit components of adaptation, whereas
adaptive shifts reﬂect explicit components in addition.
For the explicit judgements the changes from pre-test to post-
test were determined in the same way as for the visual open-loop
movements. The differences between the judged directions in the
post-test and in the pre-test are called explicit shifts. Explicit shifts
of zero indicate no explicit knowledge at all, and explicit shifts
of 75◦ indicate perfect explicit knowledge. For the analysis of
explicit shifts the data of two additional participants were dis-
carded. In the post-test the one participant systematically judged
the appropriate movements to be in the direction opposite the
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target. The other participant consistently judged the rotation to
be in the wrong direction. Both participants did not produce
correspondingly incorrect movements in the visual open-loop
tests.
Parametric andnon-parametric statistical tests aswell as regres-
sion analyses were performed using STATISTICA. For the practice
phase the proportion of hits, the initial direction error, and the
movement time were subjected to two-way ANOVAs with the
between-participant factor age group (young, older) and the
within-participant factor block of trials (practice blocks 1-8);
for movement time there was the additional factor hit versus
miss. Degrees of freedom were Greenhouse-Geisser adjusted
when appropriate, but we report the uncorrected degrees of
freedom together with the Greenhouse-Geisser epsilon. Adaptive
shifts, after-effects, and explicit shifts were subjected to three-way
ANOVAs with the between-participant factor age group (young,
older) and the within-participant factors target set (practiced,
new) and target amplitude (short, long). For movement time in
the visual open-loop tests only a single ANOVA was run with
the type of test (pre-test, post-test with rotation, post-test with-
out rotation) as a fourth factor. Individual differences in adaptive
shifts, after-effects, and explicit shifts were analyzed with respect to
eventual age-related variations of adaptive shifts and after-effects
in the absence of age-related variations of explicit knowledge. For
this purpose, residuals of the linear regressions of adaptive shifts
and after-effects on explicit shifts and means of selected subgroups
were compared between young and older adults using nonpara-
metric tests. The ﬁnal visual closed-loop test was analyzed by
means of two-way ANOVAs with the between-participant factor
age group and the within-participant factor target set.
RESULTS
We report the ﬁndings for the practice phase ﬁrst. Thereafter adap-
tive shifts, after-effects, and explicit shifts are reported together
with movement times in the visual open-loop tests. Finally, we
turn to the visual closed-loop performance as assessed at the end
of the experiment.
PRACTICE (PUTTING TASK)
Performance during practice of the putting task is shown in
Figure 1. With a visuo-motor rotation of −75◦ it is fairly difﬁ-
cult to hit the ball with the cursor at all. The mean proportion of
hits in the practice blocks is shown in Figure 1A. These are hits
of the ball with the cursor, no matter whether the ball reached the
hole. In both age groups the proportion increased in the course
of practice, but a consistent advantage of the young group per-
sisted. In the two-way ANOVA both the main effects of age group,
F(1,35) = 7.8, p < 0.01, and block of trials, F(7,245) = 37.0,
p< 0.01, ε = 0.65, were signiﬁcant, but not the interaction, F < 1.
The mean initial direction error is shown in Figure 1B. Overall
the initial direction error was negative, consistent with the visuo-
motor rotation of −75◦, more so in the older participants than
in the young ones. It declined in the course of practice. The main
effect of age group turned out to be signiﬁcant, F(1,35) = 5.7,
p < 0.05, in the two-way ANOVA, and the main effect of practice
block as well, F(7,245) = 5.9, p < 0.01, ε = 0.51. The interaction
did not approach statistical signiﬁcance, F(7,245) = 1.4, p> 0.20,
FIGURE 1 | Mean proportion of hits (A), and mean initial direction
errors (B) during practice of the virtual putting task. Error bars mark
standard errors of the means.
ε = 0.51, even though the difference between the two age groups
tended to become smaller in the course of practice.
Some participants did not produce both hits and misses in each
practice block. Therefore the analysis of movement time, which
included the factor hit versus miss in addition to age group and
practice block, was run with a reduced sample (15 of 19 young and
13 of 18 older participants). Older participants were slower than
young participants, 457 vs. 376 ms, F(1,26) = 5.4, p < 0.05, and
movement time declined in the course of practice, F(7,182) = 2.8,
p< 0.05, ε = 0.53. Movement time of hits was shorter than move-
ment time of misses, 251 vs. 502ms for young participants and 367
vs. 546 ms for older participants. The main effect of hit versus miss
was signiﬁcant, F(1,26) = 49.3, p < 0.01, but not the interaction
with age group, F(1,26) = 1.4, p > 0.20.
In an additional analysiswe examinedperformance in the initial
familiarization trials which differed from the practice trials only in
that the visuo-motor rotation was absent. The proportion of hits
was 0.90 and0.82 for the young andolder participants, respectively,
t(35) = 1.90, p < 0.10, the initial direction error was 3.61 and
3.68◦, t(35) = 0.04, p> 0.20. Movement time for hits was 303 and
351 ms, t(35) = 1.52, p< 0.20; misses were too rare for an analysis
of their movement times. Thus, without the rotation there was
a slight age-related variation of the same kind as in the practice
trials (except for the initial direction errors). However, it failed to
reach statistical signiﬁcance. At least amajor part of the age-related
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FIGURE 2 | Mean adaptive shifts (A), after-effects (B), and explicit shifts
(C) in deg, shown separately for short and long target amplitudes,
practiced and new target directions, and both age groups. Error bars
mark standard errors of the means.
variation in the practiced putting task, therefore, resulted from the
visuo-motor rotation.
ADAPTIVE SHIFTS, AFTER-EFFECTS, AND EXPLICIT SHIFT
Mean adaptive shifts, after-effects, and explicit shifts are shown in
Figure 2, separately for the two age groups, tests with short and
long target amplitudes, and the ﬁve practiced target directions and
the three new target directions that were only used during the tests.
For the assessment of explicit shifts only long target amplitudes
were used.
Adaptive shifts were stronger in the young participants than
in the older ones (Figure 2A). For the practiced target directions
they were stronger than for the new ones, and for the short target
amplitude they were slightly stronger than for the long one. The
three-wayANOVA with the factors age group, target set (practiced,
new), and target amplitude (short, long) revealed only signiﬁcant
main effects for age group, F(1,35) = 12.6, p< 0.01, for target set,
F(1,35) = 22.3, p< 0.01, and for target amplitude, F(1,35) = 10.0,
p< 0.01. For none of the eight means shown in Figure 2A did the
95% conﬁdence interval include zero, that is, all adaptive shifts
were reliably positive.
Mean after-effects are shown in Figure 2B. There were no dif-
ferences between age groups, and for new targets after-effects were
absent. The three-way ANOVA revealed only a signiﬁcant main
effect of target set, F(1,35) = 25.2, p < 0.01, but not of age group
and target amplitude, and no signiﬁcant interaction. The 95%
conﬁdence intervals of the mean after-effects for practiced target
directions did never include zero, whereas the conﬁdence intervals
of the mean after-effects for new target directions always included
zero.
In Figure 2C the mean explicit shifts are shown. They were
clearly stronger in the young than in the older participants, and
there was no difference between practiced and new target direc-
tions. A two-way ANOVA with the between-participant factor age
group and the within-participant factor target set (practiced, new)
revealed only a signiﬁcant main effect of group, F(1,33) = 10.3,
p< 0.01. The 95 % conﬁdence intervals included zero for the older
participants, but not for the young ones.
Movement time was 552 ms overall in the visual open-loop
pre-tests and the post-tests with and without the visuo-motor
rotation. The four-way ANOVA with the factors age group, tar-
get set, target amplitude, and type of test revealed no signiﬁcant
effect involving the factor age group. Movement times were faster
for short target amplitudes than for long ones, 516 vs. 589 ms,
F(1,35) = 28.0, p< 0.01. The difference between movement times
for long and short target amplitudes was larger in the pre-test
than in the post-tests with and without rotation (110, 52, and
57 ms, respectively). The interaction of target amplitude and
type of test was signiﬁcant, F(2,70) = 5.9, p < 0.05, ε = 0.73.
Finally, movement time was somewhat faster for the practiced tar-
get directions than for the new ones, 546 vs. 559 ms, F(1,35) = 7.1,
p < 0.05.
THE RELATION OF EXPLICIT KNOWLEDGE TO ADAPTIVE SHIFTS AND
AFTER-EFFECTS
We analyzed the relations of the inter-individual variations of
adaptive shifts and after-effects to the inter-individual variations of
explicit knowledge according to the following rationale: Adaptive
shifts, which are assessed in the cued presence of the transforma-
tion, should reﬂect model-free and model-based learning as well
as strategic corrections based on explicit knowledge. For partici-
pantswith same levels of explicit knowledge of the transformation,
only model-free and model-based learning should contribute to
age-related variations. In previous studies such variations have not
been found, but for the present study with an enhanced contri-
bution of model-free reinforcement learning they are expected.
Thus, even after regression on explicit shifts the residual adaptive
shifts of the two age groups should remain different. This age-
related variation should be more pronounced for practiced target
directions than for new ones because of the limited generalization
of model-free learning.
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After-effects, which are assessed in the cued absence of the
transformation, should reﬂect implicit model-based learning. The
color cue indicating the absence of the transformation should
alleviate the need for any intentional strategic corrections. In
addition it should serve as a discriminative stimulus for the non-
applicability of acquired model-free associations between visual
stimuli and motor responses. Thus, inter-individual variations of
explicit knowledge should not covary with after-effects, and no
age-related differences were expected.
For the analyses of the relation of explicit knowledge to adaptive
shifts and after-effects, we averaged both the individual adap-
tive shifts and after-effects for short and long target amplitudes.
The differences between target amplitudes were only small or
absent, and the mean correlations between the individual mea-
sures were 0.80 and 0.71 for the adaptive shifts with practiced and
new target directions, and 0.44 and 0.43 for the after-effects with
practiced and new target directions (The mean correlations are
inverse Fisher’s z transforms of the weighted means of Fisher’s z
transforms of the correlations computed separately for each age
group; they were all statistically signiﬁcant.). Similarly, we aver-
aged the explicit shifts for practiced and new target directions as
the means were not different and the individual measures were
highly correlated, with a mean correlation in the two age groups
of 0.97. The averaging served to reduce the noise of the individual
data.
In Figure 3 the linear regressions of the individual adaptive
shifts and after-effects with practiced andnew targets directions on
the individual explicit shifts are shown. For these regression anal-
yses, young and older groups were collapsed, but the data points
of the two groups are marked by different symbols in Figure 3.
For adaptive shifts the correlations of 0.56 and 0.71 for practiced
and new target directions were signiﬁcant; the respective slopes of
the linear regressions were 0.64 and 0.77 degree of adaptive shift
per degree of explicit shift. For after-effects the correlations were
−0.34 and 0.08, and only the ﬁrst of these was signiﬁcant. The
respective slopes were −0.10 and 0.04 degree of after-effect per
degree of explicit shift.
We performed two different analyses to determine whether
the age-related variation of adaptive shifts could be attributed
to the age-related variation of explicit knowledge, and we ran
the same kind of analyses also for after-effects for which no age-
related variation was observed. In the ﬁrst analysis, we compared
the residuals of adaptive shifts and after-effects after regression
on explicit shifts between the two age groups. If there were
no age-related variation beyond that in explicit knowledge, the
mean residuals in both age groups should not deviate from each
other (and from zero, which is the overall mean of the resid-
uals). The mean residuals in the two age groups together with
the results of Mann-Whitney U-tests are shown in Table 2 (left
half). Only for adaptive shifts with practiced target directions
FIGURE 3 |The regressions of individual adaptive shifts for practiced (A)
and new target directions (B) and of individual after-effects for practiced
(C) and new target directions (D) on individual explicit shifts. Filled circles
mark the individual data points of young participants, open circles those of
older participants. The zero points on the abscissae and ordinates are marked
by vertical and horizontal lines, respectively.
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Table 2 | Age-related variations of residuals of adaptive shifts (AS) and after-effects (AE) after regressions on explicit shifts (left half) and of AS
andAE in subgroups without explicit knowledge (right half).
Mean residuals of AS andAE MeanAS andAE
Young Old U (18,17) Young Old U (5,13)
AS Practiced 5.87 −6.22 64, p < 0.01 47.3 28.0 12, p < 0.05
New 1.54 −1.63 132, p > 0.10 25.8 13.0 17, p < 0.10
AE Practiced 0.84 −0.89 124, p > 0.10 15.1 14.5 31, p > 0.10
New 0.33 −0.35 145, p > 0.10 1.8 −1.8 27, p > 0.10
Statistical comparisons are based on Mann–Whitney U-tests (one-tailed) with the test statistics U (nyoung, nolder).
the residuals were larger in the group of young than in the
group of older participants, that is, young participants had
relatively stronger adaptive shifts than expected from their bet-
ter explicit knowledge, whereas older participants had relatively
weaker adaptive shifts than expected from their poorer explicit
knowledge.
The analysis of the residuals covers the whole range of explicit
knowledge. In the second analysis we focussed on the 5 young
and the 13 older participants without explicit knowledge (explicit
shifts less than 10◦). The mean adaptive shifts and after-effects of
these subgroups are also shown in Table 2 (right half) together
with the results of Mann-Whitney U-tests. Again there was an
age-related variation of adaptive shifts with practiced target direc-
tions – younger participants without explicit knowledge had larger
adaptive shifts than older participants without explicit knowl-
edge (in addition the age-related variation of adaptive shifts with
new target directions approached statistical signiﬁcance). Thus,
both analyses, the analysis of the residuals and the analysis of the
subgroups without explicit knowledge, converge on the conclu-
sion that adaptive shifts for practiced target directions reveal an
age-related variation beyond that of explicit knowledge.
VISUAL CLOSED-LOOP TEST
In the ﬁnal block of visual closed-loop trials, themean initial direc-
tion errors for the young participants were −13.7 and −27.9◦ for
the practiced and new target directions, respectively, and for the
older participants the mean initial direction errors were −31.6
and −49.5◦. In a two-way ANOVA both the main effects of age
group, F(1,35) = 18.2, p < 0.01, and target set, F(1,35) = 30.2,
p < 0.01, were signiﬁcant, but not the interaction, F < 1. Move-
ment times were 2286 and 2562 ms in the group of young
participants for practiced and new targets, respectively, and in
the group of older participants they were 3140 and 3373 ms.
The difference between the two age groups was statistically sig-
niﬁcant, F(1,35) = 15.7, p < 0.01, and so was the difference
between practiced and new target directions, F(1,35) = 24.5,
p < 0.01.
DISCUSSION
The present ﬁndings add to a consistent set of observations
on age-related changes of adaptation to visuo-motor rotations.
These reveal a decline of explicit components of adaptation across
the adult age range, but not of implicit components, and they
do so with different experimental setups and different types
of movements (e.g., McNay and Willingham, 1998; Buch et al.,
2003; Bock, 2005; Heuer and Hegele, 2008). For example, Heuer
and Hegele (2008) used a monitor in front of the participants
on which visual feedback was presented, and participants per-
formed accurate aiming movements during practice. In contrast,
Bock (2005) used a mirror arrangement by which visual feed-
back was presented in the same plane in which the movements
were performed, and participants performed rapid out-and-back
movements during practice. Thus, the basic pattern of ﬁndings is
quite robust.
The parallel age-related changes of behavioral adjustments in
the presence of the visuo-motor rotation (adaptive shifts) and
of explicit knowledge can be taken to suggest that the poorer
acquisition of explicit knowledge is the only factor underlying
the age-related decline of adaptation to visuo-motor rotations. If
this were the case, age-related changes of adaptive shifts should
no longer be present if explicit knowledge were the same in
the age groups compared. This was indeed what we observed
initially (Heuer and Hegele, 2008). However, when explicit knowl-
edge was boosted by way of dedicated practice, we found a
persistent age-related variation of adaptive shifts at high levels
of explicit knowledge, but not at low levels (Hegele and Heuer,
2013). This ﬁnding suggests that older adults make less use of
explicit knowledge for strategic movement corrections than young
adults do.
In the present study we used a new practice task with a cat-
egorical marker of success or failure. This task was intended to
enhance the contribution of model-free reinforcement learning to
visuo-motor adaptation. With this type of practice we observed
persistent age-related changes of adaptive shifts at all levels of
explicit knowledge, also when no explicit knowledge was present.
Thus, there was a decline of adaptation that was independent
of the level of explicit knowledge. Note that explicit knowledge
was not boosted as in the study of Hegele and Heuer (2013).
Therefore participants, in particular the older ones, acquired
no really high levels of explicit knowledge at which particularly
strong residual age-related declines of adaptive shifts have been
observed.
Consistent with the considerations that led us to use the par-
ticular practice task, we claim that the age-related decline of
visuo-motor adaptation beyond explicit knowledge results from
an age-related decline of reward-based reinforcement learning.
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This claim relates our present ﬁndings, ﬁrst, to the recent evidence
according to which reinforcement learning can contribute to
visuo-motor adaptation (see Haith and Krakauer, 2013, for an
overview) and, second, to thewell-established role of thedopamin-
ergic neurotransmitter system for reinforcement learning (Schultz
et al., 1997; Schultz, 1998, 2007) and its age-related changes
(e.g., Dreher et al., 2008). In fact, age-related changes of the
dopaminergic system have been invoked to account for quite
a number of cognitive-aging phenomena (cf. Li and Sikström,
2002).
Reward-based reinforcement learning in the presence of a
visuo-motor rotation typically exhibits generalization across a lim-
ited range of target directions (e.g., Izawa and Shadmehr, 2011).
In the present study, there were ﬁve target directions during prac-
tice, and three additional new target directions during the tests.
Explicit shifts were observed equally for practiced and new tar-
gets, conﬁrming previous observations of generalization across
directions (Heuer and Hegele, 2008, 2011), but adaptive shifts
generalized only partially. In contrast to the practiced target direc-
tions, the age-related variation of adaptive shifts for new target
directions was fully predictable from the age-related variation of
explicit shifts, and there was no reliable residual difference when
explicit knowledge in the two age groups was the same. The
difference between the residual age-related variations observed
for practiced and new target directions is consistent with the
claim that it reﬂects age-related variations of reward-based rein-
forcement learning. However, limited generalization across target
directions is not speciﬁc for reinforcement learning but is a more
general characteristic of implicit components of adaptation (cf.
Heuer and Hegele, 2008). Thus, it does not reliably discrimi-
nate between model-free and model-based learning. Nevertheless,
if residual age-related variations had been found for new target
directions as for the practiced ones, this would have provided evi-
dence against our speciﬁc claim about the role of reinforcement
learning.
The new ﬁndings of the present study were observed against
a background of results that conﬁrm previous observations: Both
adaptive shifts and explicit shiftswere stronger in the young than in
the older participants, and explicit shifts were not even statistically
signiﬁcant in the older age group. In contrast, after-effects did not
exhibit an age-related variation. Only explicit shifts generalized
fully from the practiced to the new target directions, whereas after-
effects were absent for new target directions, and for adaptive
shifts there was partial transfer. Adaptive shifts, but not after-
effects, were positively correlated with explicit shifts. Different
from previous studies, for after-effects we observed a small, but
signiﬁcant, negative correlation with explicit shifts. This could
be a chance result, but it could also reﬂect a weak compensatory
relation between strategic corrections and implicit adjustments
as observed in studies of adaptation to visuo-motor rotation (e.g.,
Taylor and Ivry, 2011) and prism-adaptation studies (e.g., Redding
and Wallace, 1993).
At the end of the present experiment participants were tested
in a block of visual closed-loop trials. The motivation for this test
was somewhat secondary. Adaptive shifts, after-effects, and explicit
shifts serve to assess the characteristics of internal representations
of visuo-motor transformations. They are measured under visual
open-loop conditions. However, in everyday life, and in working
life in particular, the presence of visual feedback is more typical.
In the presence of visual feedback, closed-loop control adds to
the mastery of visuo-motor transformations. Thus one may ask
whether – under such more natural conditions – the quality of
internal representations is important for performance at all. To
answer this question, we added the visual closed-loop test at the
end of the experiment.
As compared with the visual open-loop tests, movement time
was much longer in the closed-loop test, indicating the time
needed to reach the target accurately under control of visual
feedback. In addition the movement-time difference between the
two age groups was much stronger than in the open-loop tests,
indicating the slower closed-loop processing of older adults. The
variations of the initial direction errors, which were measured
200 ms after the start of the movements, reﬂect the variations
of the quality of the internal representations of the transforma-
tion and the correct movements. Consistent with the variations
of adaptive shifts, they were larger in older than in young adults,
and they were larger for the new than for the practiced target
directions. The larger initial direction errors of older adults and
for new rather than practiced target directions were associated
with longer movement times. This pattern of ﬁndings suggests
that feedback-based corrections need the more time the less accu-
rate open-loop control is, that is, the poorer the accuracy of
the internal representations of the visuo-motor transformation.
Thus, the observations on internal representations of visuo-
motor transformations, as they are made in visual open-loop
tests, are reﬂected in the performance under visual closed-
loop conditions and are not fully overridden by feedback-based
control.
Finally, we want to comment brieﬂy on the age of our older
participants. In the present study, as in our previous studies of age-
related variations of visuo-motor adaptation (Heuer and Hegele,
2007, 2008, 2009, 2010, 2011; Hegele and Heuer, 2010a,b,c, 2013),
we compared young adults with older adults in the age range of
50-67 years. This contrasts with other studies on age-related vari-
ations of visuo-motor adaptation (McNay and Willingham, 1998;
Bock and Schneider, 2002; Buch et al., 2003; Bock, 2005; Bock
and Girgenrath, 2006; Seidler, 2006), in which the older adults
were generally above 60 and up to 80 years of age. There were two
reasons for us to study younger older groups. First, we wanted
to tap age-related changes that are still relevant for working life.
Second, we wanted to identify changes that occur early during
the lifespan. In general, motor impairments become progressively
severe at older adult age (e.g., Szafran, 1951; Teeken et al., 1996;
Yan et al., 1998). Thus the changes that we have identiﬁed at older
working age, namely the poorer acquisition of explicit knowledge
(Heuer and Hegele, 2008), the weaker strategic corrections derived
from good explicit knowledge (Hegele and Heuer, 2013), and
the reduced model-free reinforcement learning of correct move-
ments as revealed in the present study, may be ampliﬁed at age 60
and beyond, and additional types of changes might also accrue.
However, after-effects turned out to be quite immune against
increasing age thus far, also in studies with older age groups.
They are generally considered to reﬂect implicit model-based
learning.
Frontiers in Aging Neuroscience www.frontiersin.org July 2014 | Volume 6 | Article 152 | 10
Heuer and Hegele Visuo-motor adaptation
ACKNOWLEDGMENTS
The research reported in this paper was supported by grant He
1187/15-3 of the Deutsche Forschungsgemeinschaft. We thank
Eva Hanisch, Maya Iobidze, and Jenny Stube for their support
in running the experiment.
REFERENCES
Bayer, H. M., and Glimcher, P. W. (2005). Midbrain dopamine neurons encode
a quantitative reward prediction error signal. Neuron 47, 129–141. doi:
10.1016/j.neuron.2005.05.020
Bock, O. (2005). Components of sensorimotor adaptation in young and elderly
subjects. Exp. Brain Res. 160, 259–263. doi: 10.1007/s00221-004-2133-5
Bock,O., andGirgenrath,M. (2006). Relationship between sensorimotor adaptation
and cognitive functions in younger and older subjects. Exp. Brain Res. 169, 400–
406. doi: 10.1007/s00221-005-0153-4
Bock, O., and Schneider, S. (2002). Sensorimotor adaptation in young and
elderly humans. Neurosci. Biobehav. Rev. 26, 761–767. doi: 10.1016/S0149-
7634(02)00063-5
Brainard, D. H. (1997). The Psychophysics Toolbox. Spat. Vis. 10, 433–436. doi:
10.1163/156856897X00357
Buch, E. R., Young, S., and Contreras-Vidal, J. L. (2003). Visuomotor adaptation in
normal aging. Learn. Mem. 10, 55–63. doi: 10.1101/lm.50303
Cressman, E. K., Salomonczyk, D., and Henriques, D. Y. P. (2010). Visuomotor
adaptation and proprioceptive recalibration in older adults. Exp. Brain Res. 205,
533–544. doi: 10.1007/s00221-010-2392-2
Cunningham, H. A. (1989). Aiming error under transformed spatial mappings
suggests a structure for visual-motormaps. J. Exp. Psychol. Hum. Percept. Perform.
15, 493–506. doi: 10.1037/0096-1523.15.3.493
Dewar, R. (1971). Adaptation to displaced vision: variations in the shaping
technique. Percept. Psychophys. 9, 155–157. doi: 10.3758/BF03212619
Doya, K. (2000). Complementary roles of basal ganglia and cerebellum in learning
and motor control. Curr. Opin. Neurobiol. 10, 732–739. doi: 10.1016/S0959-
4388(00)00153-7
Dreher, J.-C.,Meyer-Lindenberg,A., Kohn, P., and Berman, K. F. (2008). Age-related
changes in midbrain dopaminergic regulation of the human reward system. Proc.
Natl. Acad. Sci. U.S.A. 105, 15106–15111. doi: 10.1073/pnas.0802127105
Gläscher, J., Daw, N., Dayan, P., and O’Doherty, J. P. (2010). States ver-
sus rewards: dissociable neural prediction error signals underlying model-
based and model-free reinforcement learning. Neuron 66, 585–595. doi:
10.1016/j.neuron.2010.04.016
Haith,A. M., and Krakauer, J.W. (2013). “Model-based and model-free mechanisms
of human motor learning,” in Progress in Motor Control: Neural, Computational
and Dynamic Approaches, eds M. J. Richardson,M.A. Riley, and K. Shockley (New
York: Springer), 1–21.
Hegele,M., andHeuer,H. (2010a). Adaptation to a direction-dependent visuomotor
gain in the young and elderly. Psychol. Res. 74, 21–34. doi: 10.1007/s00426-008-
0221-z
Hegele, M., and Heuer, H. (2010b). The impact of augmented information on
visuo-motor adaptation in younger and older adults. PLoS ONE 5:e12071. doi:
10.1371/journal.pone.0012071
Hegele, M., and Heuer, H. (2010c). Implicit and explicit components of dual
adaptation to visuomotor rotations. Conscious. Cogn. 19, 906–917. doi:
10.1016/j.concog.2010.05.005
Hegele, M., and Heuer, H. (2013). Age-related variations of visuomotor adaptation
result fromboth the acquisition and the applicationof explicit knowledge. Psychol.
Aging 28, 333–339. doi: 10.1037/a0031914
Heuer, H. (1983). Bewegungslernen. Stuttgart: Kohlhammer
Heuer, H., and Hegele, M. (2007). Learning new visuo-motor gains at early and late
working age. Ergonomics 50, 979–1003. doi: 10.1080/00140130701240828
Heuer, H., and Hegele, M. (2008). Adaptation to visuo-motor rotations in younger
and older adults. Psychol. Aging 23, 190–202. doi: 10.1037/0882-7974.23.1.190
Heuer, H., and Hegele, M. (2009). Adjustment to a complex visuo-motor trans-
formation at early and late working age. Ergonomics 92, 1039–1054. doi:
10.1080/00140130902912795
Heuer, H., and Hegele, M. (2010). The effects of mechanical transparency on adjust-
ment to a complex visuo-motor transformation at early and late working age. J.
Exp. Psychol. Appl. 16, 399–412. doi: 10.1037/a0021704
Heuer, H., and Hegele, M. (2011). Generalization of implicit and explicit adjust-
ments to visuo-motor rotations across the workspace in younger and older adults.
J. Neurophysiol. 106, 2078–2085. doi: 10.1152/jn.00043.2011
Heuer, H., Hegele, M., and Sülzenbrück, S. (2011). Implicit and explicit adjustments
to extrinsic visuo-motor transformations and their age-related changes. Hum.
Mov. Sci. 30, 916–930. doi: 10.1016/j.humov.2010.07.004
Huang, V. S., Haith, A., Mazzoni, P., and Krakauer, J. W. (2011). Rethinking
motor learning and savings in adaptation paradigms: model-free memory for
successful actions combines with internal models. Neuron 70, 787–801. doi:
10.1016/j.neuron.2011.04.012
Imamizu, H., and Kawato, M. (2012). Cerebellar internal models: implications for
the dexterous use of tools. Cerebellum 11, 325–335. doi: 10.1007/s12311-010-
0241-2
Izawa, J., and Shadmehr, R. (2011). Learning from sensory and reward predic-
tion errors during motor adaptation. PLOS Comput. Biol. 7:e1002012. doi:
10.1371/journal.pcbi.1002012
Kleiner, M., Brainard, D., Pelli, D. (2007). What’s new in Psychtoolbox-3? Perception
36, ECVP Abstract Supplement.
Lehrl, S. (2005). Mehrfachwahl-Wortschatz-Intelligenztest, MWT-B, 5th Edn.
Balingen: Spitta-Verlag.
Li, S. C., and Sikström, S. (2002). Integrative neurocomputational perspectives on
cognitive aging, neuromodulation, and representation. Neurosci. Biobehav. Rev.
26, 795–808. doi: 10.1016/S0149-7634(02)00066-0
Marschner, A., Mell, T., Wartenburger, I., Villringer, A., Reischies, F. M., and Heck-
eren, H. R. (2005). Reward-based decision-making and aging. Brain Res. Bull. 67,
382–390. doi: 10.1016/j.brainresbull.2005.06.010
Mazzoni, P., and Krakauer, J. W. (2006). An implicit plan overrides an explicit
strategy during visuomotor adaptation. J. Neurosci. 26, 3642–3645. doi:
10.1523/JNEUROSCI.5317-05.2006
McNay, E. C., and Willingham, D. B. (1998). Deﬁcit in learning of a motor skill
requiring strategy, but not of perceptuomotor recalibration, with aging. Learn.
Mem. 4, 411–420. doi: 10.1101/lm.4.5.411
Pelli, D. G. (1997). The VideoToolbox software for visual psychophysics: trans-
forming numbers into movies. Spat. Vis. 10, 437–442. doi: 10.1163/156856897X
00366
Rand,M.K.,Wang, L.,Müsseler, J., andHeuer,H. (2013).Vision and proprioception
in action monitoring by young and older adults. Neurobiol. Aging 34, 1864–1872.
doi: 10.1016/j.neurobiolaging.2013.01.021
Redding, G. M., and Wallace, B. (1993). Adaptive coordination and alignment
of eye and hand. J. Mot. Behav. 25, 75–88. doi: 10.1080/00222895.1993.99
41642
Saijo, N., and Gomi, H. (2010). Multiple motor learning strategies in visuomotor
rotation. PLoS ONE 5:e9399. doi: 10.1371/journal.pone.0009399
Schlerf, J., Ivry, R. B., and Diedrichsen, J. (2012). Encoding of sensory pre-
diction erros in the human cerebellum. J. Neurosci. 32, 4913–4922. doi:
10.1523/JNEUROSCI.4504-11.2012
Schultz, W. (1998). Predictive reward signal of dopamine neurons. J. Neurophysiol.
80, 1–27.
Schultz, W. (2007). Behavioral dopamine signals. Trends Neurosci. 30, 203–210. doi:
10.1016/j.tins.2007.03.007
Schultz, W., Dayan, P., and Montague, P. R. (1997). A neural substrate of prediction
and reward. Science 275, 1593–1599. doi: 10.1126/science.275.5306.1593
Seidler, R. D. (2006). Differential effects of age on sequence learning and senso-
rimotor adaptation. Brain Res. Bull. 70, 337–346. doi: 10.1016/j.brainresbull.
2006.06.008
Shadmehr, R., Smith, M. A., and Krakauer, J. W. (2010). Error correction, sensory
prediction, and adaptation in motor control. Annu. Rev. Neurosci. 33, 89–108.
doi: 10.1146/annurev-neuro-060909-153135
Sülzenbrück, S., and Heuer, H. (2009). Functional independence of explicit and
implicit motor adjustments. Conscious. Cogn. 18, 145–159. doi: 10.1016/j.concog.
2008.12.001
Sutton, R. S., and Barto, A. G. (1998). Reinforcement Learning: An Introduction.
Cambridge, MA: MIT Press.
Szafran, J. (1951). Changes with age and with exclusion of vision in performance
at an aiming test. Q. J. Exp. Psychol. 3, 111–118. doi: 10.1080/1747021510
8416784
Taylor, J. A., and Ivry, R. B. (2011). Flexible cognitive strategies during motor
learning. PLOS Comput. Biol. 7:e1001096. doi: 10.1371/journal.pcbi.1001096
Frontiers in Aging Neuroscience www.frontiersin.org July 2014 | Volume 6 | Article 152 | 11
Heuer and Hegele Visuo-motor adaptation
Taylor, J. A., Klemfuss, N. M., and Ivry, R. B. (2010). An explicit strategy prevails
when the cerebellum fails to compute movement errors. Cerebellum 9, 580–586.
doi: 10.1007/s12311-010-0201-x
Taylor, J. A., Krakauer, J. W., and Ivry, R. B. (2014). Explicit and implicit contribu-
tions to learning in a sensorimotor adaptation task. J. Neurosci. 34, 3023–3032.
doi: 10.1523/JNEUROSCI.3619-13.2014
Teeken, J. C., Adam, J. J., Paas, F. G., van Boxtel, M. P. J., Houx, P. J., and Jolles, J.
(1996). Effects of age and gender on discrete and reciprocal aiming movements.
Psychol. Aging 11, 195–198. doi: 10.1037/0882-7974.11.2.195
Tewes, U. (1991). Hamburg-Wechsler-Intelligenztest für Erwachsene. Toronto: Huber.
Volkow, N. D., Gur, R. C., Wang, G.-J., Fowler, J. S., Moberg, P. J., Ding, Y.-S., et al.
(1998). Association between decline in brain dopamine activity with age and
cognitive and motor impairment in healthy individuals. Am. J. Psychiatry 155,
344–349.
Yan, J. H., Thomas, J. R., and Stelmach, G. E. (1998). Aging and rapid aiming arm
movement control. Exp. Aging Res. 24, 155–168. doi: 10.1080/036107398244292
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 13 November 2013; accepted: 17 June 2014; published online: 04 July 2014.
Citation: Heuer H and Hegele M (2014) Age-related variations of visuo-motor
adaptation beyond explicit knowledge. Front. Aging Neurosci. 6:152. doi:
10.3389/fnagi.2014.00152
This article was submitted to the journal Frontiers in Aging Neuroscience.
Copyright © 2014 Heuer and Hegele. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Aging Neuroscience www.frontiersin.org July 2014 | Volume 6 | Article 152 | 12
